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Atomic Clocks and Variations of the Fine Structure Constant
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We describe a new test for possible variations of the fine structure constanta by comparisons of
rates between clocks based on hyperfine transitions in alkali atoms with different atomic numberZ.
H-maser, Cs, and Hg1 clocks have a different dependence ona via relativistic contributions of order
sZad2. Recent H-maser vs Hg1 clock comparison data improve laboratory limits on a time variation
by 100-fold to give Ùaya # 3.7 3 10214yyr. Future laser cooled clocks (Be1, Rb, Cs, Hg1, etc.), when
compared, will yield the most sensitive of all tests forÙaya.

PACS numbers: 06.20.Jr, 12.20.Fr, 31.30.Jr
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Since Dirac’s large number hypothesis (LNH) [1], th
search for a time variation of the fundamental constan
has been the subject of much work [2]. Dirac notice
that the ratio of the electrostatic to gravitational forces b
tween an electron and protons,2 3 1039d was close to
the age of the Universe expressed in units of the lig
transit time across the classical electron radius,Reyc ­
e2ymec3. He conjectured that these two very larg
quantities were proportional, hence, the ratioe2yGmpme

would vary with the age of the Universe. A fractiona
changedGyG ø 25 3 10211yyr would result assuming
a universe2 3 1010 yr old. Teller and co-workers [2,3]
have postulated a relationship for the fine structure co
stanta21 , lnshcyGm2

ed, whereshcyGm2
ed1y2 , (electron

Compton wavelength)y(Planck length). Taken with the
Dirac hypothesis of a time varyingG, a may vary
daya , asdGyGd , 3.6 3 10213yyr.

Variation of the nongravitational constants is forbidde
in general relativity and other metric theories of gravity
where gravitational fields are described as a geometri
property of space-time. The equivalence principle form
the basis for all metric theories and requires local positio
invariance: In local freely falling frames the outcome o
any local nongravitational test experiment is independe
of where and when in the Universe it is performe
[4]. A changing fine structure constanta, as predicted
in some cosmological string theories [5], would violat
the equivalence principle signaling the breakdown o
gravitation as a geometrical phenomenon and, as
show in this paper, would lead to a drift in the relativ
frequencies of H masers, Rb, Cs, Hg1, etc. clocks.

Several analyses of paleontological, geophysical, and
tronomical data were made apparently ruling out the LN
variation [2] though there have been conflicting claims fo
a measured variation of the gravitational constant [6]. Th
paleontological arguments were based upon the realizat
that even a small departure of the gravitational constantG
from the present day value would make the Earth inho
pitable to life. Arguments of this sort have arisen large
as a response to Dirac’s LNH and have led to the develo
0031-9007y95y74(18)y3511(4)$06.00
e
ts
d
e-

ht

e

l

n-

n
,

cal
s
n
f
nt
d

e
f

we
e

as-
H
r
e

ion

s-
ly
p-

ment of the anthropic cosmological principle (ACP). Ac-
cordingly [7], the large number ratio (LNR) values are no
a consequence of the above proportionality postulated
Dirac but rather, the present day LNR values are one of
relatively small subset (of all possible LNR values) which
will lead to the development of observers, i.e., physicist
astronomers, etc.

The experimental search for a temporal variation ofa

is divided into what might be called cosmological and
modern measurements. For example, a stringent limit o
a variation follows from an analysis of isotope ratios
149Smy147Sm in the natural uranium fission reaction tha
took place some2 3 109 yr ago at the present day site of
the Oklo mine in Gabon, West Africa [2,8]. This ratio
is 0.02 rather than 0.9 as in natural samarium from th
neutron flux onto149Sm during the uranium fission. It
is thus deduced that the neutron capture cross section
149Sm has not changed significantly in2 3 109 yr from its
present day value. Recent modeling [8] of this proces
has relaxed the original stringent limits by 100-fold to
Ùaya # 10215. This limits the integrated change ina
over the cosmological time period of2 3 109 yr. In
a similar way, astronomical measurements of multipl
spectral lines (with different dependence ona and other
atomic constants) from a common source with a larg
cosmological redshift, have been used to place limi
on variations ofa over cosmological time periods of
Ùaya # 4 3 10212yyr [9].

Modern or laboratory measurements are based on clo
comparisons with ultrastable oscillators of different phys
cal makeup such as the superconducting cavity oscillat
vs cesium hyperfine clock transition [10] or the Mg fine
structure transition vs the cesium hyperfine clock transitio
[11]. Unlike the results inferred from phenomena takin
place over cosmological time scales, the clock compariso
are repeatable and are of the duration months to yea
These measurements rely on the ultrahigh stability of th
atomic standards and set limits a few orders of magnitud
less stringent than the cosmological measurements [2,
The modern clock comparisons are really complementa
© 1995 The American Physical Society 3511
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to the cosmological determinations because they place
limit on a present day variation ofa [12].

The string theory prediction [5] for a temporal variation
of the fundamental constants has provided a renew
incentive for improved tests of the constancy ofa. This
paper describes a new method for determining limits o
the variation ofa by comparing rates for clocks based o
atoms of different atomic numberZ. The method is based
on the increasing importance of relativistic contribution
to the hyperfine energy splitting as atomic numberZ
increases in the group I alkali elements and alkalilik
ions. The contribution is a function ofaZ which grows
faster thansZad2 for the heavier atoms and thus differs
for hydrogensZ ­ 1d, beryllium ion sZ ­ 4d, rubidium
sZ ­ 37d, cesium sZ ­ 55d, and mercury ionsZ ­ 80d.
Any variation ina, whether a cosmological time variation
or a spatial variation via a dependence ofa on the
gravitational potential [13], will force a variation in the
relative clock rates between any pair of these clocks.

We begin by comparing the theoretical expressions f
the hyperfine splitting (hfs) in hydrogen and the alka
atoms and ions. All continuously operated microwav
atomic frequency standards (H, Rb, Cs, and Hg1) are
based on transitions between ground state hyperfine lev
determined by the interaction of a nuclear magnet
moment with the magnetic moment of anS1y2 state
valence electron. The hydrogen hfs is the simple
and to lowest order ina and meymp, the splitting
used as the clock transition in the H maser isas ­
8
3 a2gpsmeympdR`c, where gp is the proton g factor,
me andmp are the electron and proton masses, andR`c
is the Rydberg constant in frequency units.

The theory of the hyperfine splitting in alkali atoms an
ions is not so well developed as that for hydrogen b
much work has been done and the theoretical expressi
predict the splittings for the Cs and Hg1 clock transition
frequencies to the 1% level [14]. The full expression fo
the hyperfine interaction constantAs [14,15] is

As ­
8
3

a2gI Z
z2

n3
p

µ
1 2

dDn

dn

∂
FrelsaZd s1 2 dd

3 s1 2 ed
me

mp
R`c .

The transition frequency between theI 6
1
2 states is

sI 1
1
2 dAs, whereI is the nuclear spin angular momentum

quantum number.
This expression is composed of several factors. T

value of the valence electron wave function at the n
cleus, obtained by solving the nonrelativistic Schröding
equation, is given by the semiempirical Fermi-Segrè fo
mula [16] C2

ns0d ­ sZz2ypa3
0n3

pd f1 2 dDnydng, whereZ
is the atomic number,z is the net charge of the remain-
ing ion following the removal of the valence electron, an
np is the effective quantum number chosen to match t
measured energy levelsEnp , for the alkali atom according
to the Rydberg formulaEnp ­ 2z2Ryyn2

p. Dn ­ n 2 np
3512
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is the quantum defect for thenth state. The term1 2 d

is the correction for the departure of the atomic potentia
from pure Coulomb as the electron enters the relative
large highZ nucleus withd ø 4% for Cs and 12% for Hg
[14]. 1 2 e is a similar correction for the finite size of
the nuclear magnetic dipole moment withe ø 0.5% for
Cs and 3% for Hg [14].

The Casimir correction factorFrelsaZd [14,15,17] is
obtained when the relativistic wave equation is solved t
evaluate the electron wave function in the vicinity of the
nucleus. For anS1y2 state electronFrelsaZd ­ 3fls4l2 2

1dg21, wherel ­ f1 2 saZd2g1y2 showingFrel is a strong
function of a for high Z nuclei. For aZ ø 1, Frel ø
1 1 11saZd2y6 but with heavier atoms this approximation
breaks down since for Cs,Frel ­ 1.39 and for Hg,Frel ­
2.26.

A time variation ina will therefore induce a change in
the frequency of an H maser relative to the frequency of
heavy atom hfs transition according to

d
dt

ln

√
Aalkali

ahydrogen

!
­ a

d
da

lnsFreld
µ

1
a

da

dt

∂
.

We have assumed the integersz andZ remain constant.
Supposing thata changes, there will be a corresponding
change in the effective quantum numbernp since it is
determined by the Rydberg levels of the valence electro
However, becausen2

p , Enyz2Ry , [1 1 higher order in
szad2g its changes are small. The finite nuclear volum
correction d does contain terms of ordersaZd2 but its
overall sensitivity toa is #10% of that of Frel and is
negligible.

The above ratio between hyperfine transitions in differ
ent atoms contains no electron to proton mass ratio a
the nuclearg factors enter as a ratio unlike the clock com
parisons described in Refs. [10,11]. The above equatio
is rewritten as

a
d

da
lnsFreld ­ saZd2 12l2 2 1

l2s4l2 2 1d
; LdFrelsaZd .

The sensitivity to a variations LdFrelsaZd is plotted
against atomic numberZ in Fig. 1.

By analogy with a Dirac particle, the ratiogI ygp (g
values of a bound nucleon to a free nucleon) is relative
insensitive toa. The nuclearg factors are defined as
a ratio of the measured nuclear magnetic moment to t
nuclear magnetonehy2mpc and are determined primarily
by the strength of the strong interaction. For an electro
bound to a nucleus of chargeZ there is a relativistic
mass contribution to the electrong factor of ordersaZd2

[15]. By contrast, the strong force binding a nucleon
in a nucleus “saturates,” i.e., remains relatively consta
with increasing atomic number unlike the electromagnet
binding of an electron to a nucleus. We therefore assum
there is no corresponding contribution to the nuclearg-
factor ratio which grows with atomic numberZ as strong
as thesaZd2 dependence ofFrel.
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FIG. 1. The functionLdFrelsZd plotted against atomic num-
ber Z.

As above, for the comparison of two clocks, each bas
on a transition in different alkali atoms withZ . 1, there
will be a relative drift in rates

d
dt

ln
Aalkali1

Aalkali2
­ fLdFrelsZ1d 2 LdFrelsZ2dg

1
a

da

dt
.

Table I shows the size of the sensitivityLdFrelsZ1d 2

LdFrelsZ2d for various clock intercomparisons that migh
be used to detect a temporal variation ina (or spatial with
dydt replaced bydydU, whereU is the solar gravitational
potential [13]). A larger sensitivity would cause a large
clock rate difference given a nonzero value forÙaya.
Alternatively, given a variation ina, the six distinct drift
rates of Table I would predict a clear signature whic
would be useful in discriminating against systemat
errors that might show up in any single intercompariso
For example, the Cs vs Hg1 rate difference should be
1.4y0.74 ø 1.9 times greater than the H maser vs Cs ra
difference, etc.

Several clock comparisons have been made which c
be used to search for a variation ofa. Long term
comparisons of Cs to H-maser clocks are carried out
the generation and maintenance of the worldwide atom
time scale (TAI). A recent comparison carried out over
1 yr period between two cavity autotuned active H mase
and the primary cesium standards, CS1 and CS2 (at P

TABLE I. The sensitivity of various clock rate comparisons
to a variable fine structure constant. The entry isLdFrelsZ1d 2
LdFrelsZ2d and converts fractional changes ina to a drift in
clock rates between the two given clocks. For example,
Ùaya ­ 10214yyr, a frequency drift of2.2 3 10214yyr between
an H maser and an Hg1 clock would result.

H Rb Cs Hg1

H 0 0.3 0.74 2.2
Rb 20.3 0 0.45 1.9
Cs 20.74 20.45 0 1.4
Hg1 22.2 21.9 21.4 0
ed
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in Braunschweig, Germany) showed a1.5 3 10216yday
relative frequency drift [18]. Similar clock comparisons
have been made at the U.S. Naval Observatory [19] w
comparable clock rate drifts. SinceLdFrels55d ­ 0.74 we
find Ùaya # 1.5 3 10216yday–0.74 ­ 7 3 10214yyr.

We have developed [20,21] an ultrastable frequen
standard based on Hg1 ions confined to a linear ion
trap, and have recently completed a 140 day clock ra
comparison (to be published) between it and a cavi
tuned H maser [22]. In that comparison, a limit o
2.1s0.8d 3 10216yday was established for the frequenc
drift between these two long term stable clocks. Th
Allan deviation of this clock comparison is shown in
Fig. 2. This is a more sensitive test fora variations than
the Cs vs H maser comparison sinceLdFrels80d ­ 2.2 and
establishes an upper boundÙaya # 3.7 3 10214yyr.

This Hg1 vs H maser limit represents a tenfold im
provement over the recent limit [11] and rules ou
the LNH variation ofa s,3.6 3 10213yyr) discussed in
the introduction. It should be noted that these resu
are theonly present day laboratorytests with enough sen-
sitivity to rule out such variations. The limits establishe
in Ref. [11] on ana variations#2.7 3 10213yyr) were in-
ferred from astrophysical limits placed ona2gpmeymp [9]
over a time interval of almost1010 yr.

The Hg1 vs H maser results presented here represe
a 100-fold improvement over the best laboratory limit
(#4 3 10212yyr) established in the superconducting cav
ity vs Cs frequency comparisons of Ref. [10]. This im
provement follows from the very good long term stability
of the atomic Hg1 and H-maser clocks, with relative drift
,10216yday, as compared to the superconducting cav
oscillator where instrumental drifts can lead to frequenc
drifts of a few parts in1014yday [10].

In summary, we have developed a new method f
detecting variations of the fine structure constanta by
examining relative drift rates between atomic clock

FIG. 2. The measured Allan deviation for the 140 day H
maser vs Hg1 clock comparison. The dashed line at 45± is
the linear drift estimate2s61d 3 10216yday.
3513
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which are continuously monitored in time scales in sever
laboratories worldwide. We have searched for such dri
in a clock comparison between Hg1 and H-maser clocks
and improved modern day limits on ana variation by
2 orders of magnitude. Further improvements will follow
as laser cooled Be1, Rb, Cs, and Hg1 [23] microwave
standards are developed. Comparisons of their clo
rates should establish the most sensitive search for a
temporal variation ofa and may reach a sensitivity
approaching the string theory predictions [5]. Finally, thi
method also shows that comparisons between Cs, H1,
Rb, Be1, and H-maser clocks can be used to improv
the complementary search for a dependence ofa on the
gravitational potential [13].

This work was carried out at the Jet Propulsion Labor
tory, California Institute of Technology, under a contrac
with the National Aeronautics and Space Administration
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